Introduction {#s1}
============

Ticks are obligate blood feeding ectoparasites of a wide range of vertebrates (amphibians, reptiles, birds, mammals). To acquire a blood meal, ticks insert their highly specialized mouthparts through the host skin and, depending on the species, anchor them in the skin by attachment cement (Sonenshine, [@B177]). Fast feeding soft ticks (Argasidae) feed repeatedly and rapidly with deep penetration of the host skin, causing considerable damage to the host (Binnington and Kemp, [@B7]), whereas hard ticks (Ixodidae) feed only once in each developmental stage for a prolonged period and penetrate the host epidermis either superficially (Metastriata, e.g., *Dermacentor* spp., *Rhipicephalus* spp.), or more deeply (Prostriata, e.g., *Ixodes* spp., Metastriata, e.g., *Amblyomma* spp.) (Sonenshine, [@B177]; Bowman et al., [@B9]). Ticks are pool feeders; during the process of penetration of the host skin and probing for blood, capillaries and small blood vessels are injured and an extensive haemorrhagic pool forms at the feeding lesion in the host dermis. Hard ticks may require several days to weeks to complete their blood meal. The volume of ingested blood and the duration of feeding are developmental stage- and species-specific, whereby tick females may ingest more blood than 100-times their initial body weight (e.g., Sauer et al., [@B167]).

A host would normally react to damage of the skin and the presence of the feeding tick by the formation of a haemostatic plug, activation of the coagulation cascade, vasoconstriction, inflammatory responses leading to wound healing and tissue remodeling, all of which would disrupt tick feeding and cause rejection of the tick, with detrimental effects on tick viability and reproduction. However, ticks succeed in completing their blood meal due to the presence of a large number of biologically active molecules in their salivary glands, displaying anticoagulation, antiplatelet, vasodilatory, anti-inflammatory, and immunomodulatory activities. These molecules have developed during the host-parasite co-evolution and are crucial to overcoming haemostatic and immune responses of the host, enabling ticks to complete feeding and development (Wikel, [@B195]; Bowman et al., [@B9]; Brossard and Wikel, [@B14]; Nuttall and Labuda, [@B136]; Francischetti et al., [@B42]; Mans, [@B109]; Fontaine et al., [@B36]). Tick saliva composition is complex and in many cases redundant, reflecting the complex and redundant host defence responses. Some of the tick salivary compounds have been characterized and their functions identified, but the functions remain unknown for most of the molecules (Andrade et al., [@B1]; Steen et al., [@B178]; Ribeiro et al., [@B153]; Brossard and Wikel, [@B14]; Francischetti et al., [@B42]; Fontaine et al., [@B36]) (Figure [1](#F1){ref-type="fig"}).

![**Hard ticks (Ixodidae) insert their mouthparts into the skin of their hosts and cause tissue injury.** Tick mouthparts are anchored in the host skin by a cement cone. At the tick attachment site, a haemorrhagic pool is created. During the prolonged blood-meal ticks secrete a rich cocktail of bioactive salivary molecules to the host and modulate host defence responses (itch, pain, haemostasis, inflammation, immune reactions) to their benefit. The tick salivary cocktail contains molecules (SAT factors) that facilitate pathogen transmission and infection of the host.](fcimb-03-00043-g0001){#F1}

In addition to blood feeding, ticks are vectors of a large number of pathogenic microorganisms (viruses, bacteria, protozoa) causing diseases in humans and animals. The common route of a pathogen within the vector is ingestion via infected host blood, migration through the gut to the haemocoel and the penetration of salivary glands. For many pathogens, salivary glands are the organs where they develop and multiply. Thus, tick salivary glands are suggested to play a key role in pathogen transmission to the vertebrate host. However, transmission of pathogens via tick saliva is not a simple mechanistic process, instead pathogens exploit tick salivary molecules for their survival and multiplication in the vector and for transmission to and establishment in the hosts (Bowman et al., [@B9]; Ramamoorthi et al., [@B148]; Brossard and Wikel, [@B14]; Nuttall and Labuda, [@B136]).

The phenomenon of promotion of pathogen transmission via arthropod saliva (saliva-assisted transmission, SAT) has been reported in a number of blood-feeding arthropods, including ticks, however, the molecular mechanisms of these processes are largely unknown (Nuttall and Labuda, [@B136]). Although SAT has been reported for several tick-pathogen associations, only a limited number of tick molecules associated with pathogen transmission have been identified (Ramamoorthi et al., [@B148]; Hovius et al., [@B68]). Therefore, understanding the physiology of tick salivary glands is important for the elucidation of their role in both the modulation of host defences and pathogen transmission.

The molecular background of tick-host associations (e.g., Brossard and Wikel, [@B14]; Francischetti et al., [@B42]), their significance in transmission of tick-borne pathogens (e.g., Nuttall and Labuda, [@B136]) and the natural ecology of tick-host-pathogen interactions with consequences for epidemiology of tick-borne infections in humans (Randolph, [@B149]; Estrada-Peña et al., [@B32]) have been extensively reviewed. The present survey summarizes the current knowledge on main tick strategies to overcome host defence responses and the assistance of tick saliva in the transmission of tick-borne pathogens. Although intensive research on tick salivary gland transcriptomes and proteomes is in progress, there are indications that the range of biologically active compounds in tick salivary glands is much wider and gaps exist in understanding their complexity and interactions during the process of feeding and pathogen transmission.

Tick salivary glands
====================

Tick salivary glands are multifunctional complex organs (Sonenshine, [@B177]; Sauer et al., [@B167], [@B166]; Bowman and Sauer, [@B12]; Bowman et al., [@B8]). In fasting ticks, salivary glands assist in the absorption of water vapor from unsaturated air. They consist of an anterior region of acini (generally agranular and primarily involved in osmo-regulation) attached directly to the main duct. The acini are arranged more caudally in lobules connected by intralobular and interlobular ducts to the main salivary duct. The caudal acini increase greatly in size during feeding and are involved in the production and secretion of salivary bioactive components. The main salivary ducts pass antecranially into the salivarium which fuses with the pharynx and forms the oral cavity. Salivary glands enable the feeding ticks to concentrate blood nutrients by returning excess water and ions via saliva to the host as the ingested host tissues and tick saliva flow in alternate directions through the common buccal canal. The regulation of salivary gland development, degeneration and fluid secretion are under neuro-hormonal control (Bowman and Sauer, [@B12]; Bowman et al., [@B8]).

Almost all ixodid ticks produce cement proteins that enable attachment of the tick to the host and seal the area around the mouthparts at the wound site. After a tick attaches to a host, expression of a series of genes and synthesis of proteins is initiated in their salivary glands, which reflect the stages of the feeding process. As feeding progresses, the amount of secreted saliva increases and salivary glands undergo a remarkable and rapid structural reorganization. At the peak of the feeding process, the glands can increase as much as 25-fold in size and content. Once the tick is engorged and detaches, the glands degenerate through a process of cell apoptosis (Bowman et al., [@B8]).

The composition of tick saliva is complex and redundant in many cases and reflects complex and redundant host defence responses. Tick saliva contains a large number of various non-proteinaceous substances and secreted proteins which are differentially produced during feeding and comprise inhibitors of blood coagulation and platelet aggregation, vasodilatory and immunomodulatory substances as well as compounds preventing itching and pain (Ribeiro et al., [@B160]; Wikel and Alarcon-Chaidez, [@B197]; Andrade et al., [@B1]; Steen et al., [@B178]; Brossard and Wikel, [@B14]; Francischetti et al., [@B42]). The blood-feeding strategy of ticks and, on the other hand, the pool and mode of action of the pharmacologically active compounds contained in their saliva and salivary glands are mostly species-specific. The activity, mechanisms of action and characteristics of these compounds have been studied more intensively during the last two decades and a number of novel molecules have been identified. Some of the tick salivary molecules have pleiotropic effects as they interfere with different arms of the defence responses of the vertebrate hosts. (e.g., Ribeiro and Francischetti, [@B155]; Francischetti et al., [@B42]).

Most of the efforts to identify bioactive molecules from ticks are aimed at preparing the active compounds in recombinant form, with their prospective use as pharmaceuticals. In addition, elucidation of the molecular mechanisms of interaction between the ectoparasites and their hosts and of the mechanisms of exploitation of tick molecules by pathogens to invade ticks and hosts can lead to the discovery of new vaccine targets against ticks and the pathogens that ticks transmit (e.g., Willadsen, [@B199]; Titus et al., [@B181]; Maritz-Olivier et al., [@B120]; Hovius et al., [@B68]).

Tick salivary compounds and host haemostasis
============================================

Haemostasis is a complex and efficient mechanism that controls blood loss after vascular injury through a series of physiological events leading to termination of blood loss from damaged blood vessels (vasoconstriction), formation of a platelet plug, fibrin clot formation and fibrinolysis (Hoffman et al., [@B63]).

Research into the mechanisms by which ticks inhibit host haemostasis has led to the discovery and characterization of a variety of compounds with diverse biological activities and potential use in development of novel pharmaceuticals (Kazimírová, [@B83]; Francischetti et al., [@B42]; Koh and Kini, [@B88]; Chmelar et al., [@B19]). Differences in the anti-haemostatic repertoires suggest that anti-haemostatic mechanisms in hard and soft ticks evolved independently (Mans et al., [@B110]; Mans, [@B109]). Saliva of the same tick species simultaneously contain a number of anti-haemostatic molecules, inhibiting different arms of the haemostatic system, or in contrast, the same compounds can display multiple functions (Bowman et al., [@B9]; Mans and Neitz, [@B117]; Valenzuela, [@B185]; Steen et al., [@B178]; Maritz-Olivier et al., [@B120]; Francischetti et al., [@B42]) (Table [1](#T1){ref-type="table"}). However, it is important to note that the cocktail of anti-haemostatic compounds in tick saliva differs between species and in fact, there is no tick species whose complete anti-haemostatic capacities have been fully explored. In addition to discrovery of new sources of drug candidates, studies on tick anti-haemostatics contribute to our understanding of the mechanisms of interactions between ticks and their hosts in the process of feeding and pathogen transmission.

###### 

**Examples of tick salivary molecules that modulate host defence reactions**.

  **Tick species**                          **Molecule**                      **Target and/or function**                                                                                                               **References**
  ----------------------------------------- --------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------
  **VASODILATION**                                                                                                                                                                                                     
  *Ixodes scapularis*                       Prostacyclin                      Vasodilation                                                                                                                             Ribeiro et al., [@B159]
  *I. scapularis*                           tHRF                              Vasodilation                                                                                                                             Dai et al., [@B24]
  *Ixodes ricinus*                          IRS-2                             Cathepsin G, chymase                                                                                                                     Chmelar et al., [@B20], [@B19]
  *Amblyomma americanum*                    Prostaglandins                    Vasodilation                                                                                                                             Bowman et al., [@B13]
  **PLATELET AGGREGATION INHIBITORS**                                                                                                                                                                                  
  Soft ticks (Argasidae)                    Apyrase                           ATP, ADP                                                                                                                                 Mans et al., [@B112],[@B113]
  *Ornithodoros moubata*                    Moubatin                          Collagen receptor                                                                                                                        Waxman and Connolly, [@B193]
  *O. moubata*                              Disaggregin                       Integrin antagonist                                                                                                                      Karczewski et al., [@B79]
  *Ornithodoros savignyi*                   Savignygrin                       Integrin antagonist                                                                                                                      Mans et al., [@B115]
  *I. scapularis*                           Apyrase                           ATP, ADP                                                                                                                                 Ribeiro et al., [@B160]
  *I. scapularis, I. pacificus*             Ixodegrin                         Integrin antagonist                                                                                                                      Francischetti et al., [@B41]
  *I. ricinus*                              IRS-2                             Thrombin                                                                                                                                 Chmelar et al., [@B20]
  *Haemaphysalis longicornis*               Longicomin                        Collagen receptor                                                                                                                        Cheng et al., [@B18]
  *Dermacentor variabilis*                  Variabilin                        Integrin antagonist                                                                                                                      Wang et al., [@B192]
  **ANTICOAGULATION AND FIBRINOLYSIS**                                                                                                                                                                                 
  *O. moubata*                              Ornithodorin                      Thrombin                                                                                                                                 Van de Locht et al., [@B190]
  *O. moubata*                              TAP                               FXa                                                                                                                                      Waxman et al., [@B194]
  *O. savignyi*                             Savignin                          Thrombin                                                                                                                                 Nienaber et al., [@B133]
  *O. savignyi*                             TAP-like protein                  FXa                                                                                                                                      Joubert et al., [@B78]
  *I. scapularis*                           Ixolaris                          Tissue factor (TF) pathway inhibitor                                                                                                     Francischetti et al., [@B43]
  *I. scapularis*                           Salp 14                           Intrinsic pathway                                                                                                                        Narasimhan et al., [@B130]
  *I. scapularis*                           TIX-5                             Inhibitor FXa-mediated FV activation                                                                                                     Schuijt et al., [@B172]
  *I. ricinus*                              Ir-CPI                            Intrinsic pathway, fibrinolysis                                                                                                          Decrem et al., [@B29]
  *Amblyomma variegatum*                    Variegin                          Thrombin                                                                                                                                 Koh et al., [@B87]
  *Amblyomma cajennense*                    Amblyomin-X                       FXa                                                                                                                                      Batista et al., [@B4]
  *H. longicornis*                          Madanin-1; Madanin-2              Thrombin                                                                                                                                 Iwanaga et al., [@B72]
  *H. longicornis*                          Haemaphysalin                     FXII/XIIa                                                                                                                                Kato et al., [@B81]
  *H. longicornis*                          Longistatin                       Fibrinolysis                                                                                                                             Anisuzzaman et al., [@B3]
  *Rhipicephalus appendiculatus*            65 kDa protein                    Prothrombinase complex                                                                                                                   Limo et al., [@B105]
  *Rhipicephalus (Boophilus) microplus*     BmAP                              Thrombin                                                                                                                                 Horn et al., [@B66]
                                            Boophilin                         Thrombin, trypsin, plasmin                                                                                                               Macedo-Ribeiro et al., [@B107]
                                            Microphilin                       Thrombin                                                                                                                                 Ciprandi et al., [@B22]
  *Boophilus calcaratus*                    Calcaratin                        Thrombin                                                                                                                                 Motoyashiki et al., [@B125]
  **COMPLEMENT INHIBITORS**                                                                                                                                                                                            
  *O. moubata*                              OmCI                              C5, prevention of interaction of C5 with C5 convertase                                                                                   Nunn et al., [@B134]
  *I. scapularis*                           Isac                              Alternative complement pathway, interacts with C3 convertase                                                                             Valenzuela et al., [@B186]
  *I. scapularis*                           Salp 20                           C3 convertase                                                                                                                            Tyson et al., [@B183]
  *I. ricinus*                              IRAC I, II, Isac paralogues       Alternative complement pathway, interacts with C3 convertase                                                                             Daix et al., [@B26]
  **IMMUNOSUPPRESSANTS/IMMUNOMODULATORS**                                                                                                                                                                              
  *I. scapularis*                           Salp15                            Impairs IL-2 production and T cell proliferation; binds *B. burgdorferi* OspC, protects the spirochaete from antibody-mediated killing   Anguita et al., [@B2]; Ramamoorthi et al., [@B148]
  *I. scapularis*                           IL-2 binding protein              Inhibits proliferation of human T cells and CTLL-2 cells                                                                                 Gillespie et al., [@B50]
  *I. scapularis*                           ISL 929 and ISL 1373              Impair adherence of polymorphonuclear leukocytes                                                                                         Guo et al., [@B53]
  *I. scapularis*                           Sialostatin L, L2                 Inhibits cathepsin L activity                                                                                                            Kotsyfakis et al., [@B91]
  *I. ricinus*                              Iris                              Modulates T lymphocyte and macrophage responsiveness, induces Th2 type responses                                                         Leboulle et al., [@B102]; Prevot et al., [@B145]
  *I. ricinus*                              BIP                               Inhibitor of B cell proliferation                                                                                                        Hannier et al., [@B59]
                                            Ir-LBP                            Impairs neutrophil functions                                                                                                             Beaufays et al., [@B5]
  *Dermacentor andersoni*                   P36                               T cell inhibitor                                                                                                                         Bergman et al., [@B6]
  *Hyalomma asiaticum*                      BIF                               Inhibits LPS-induced proliferation of B cells                                                                                            Yu et al., [@B204]
                                            Hyalomin A, B                     Supresses host inflammatory responses (modulation of cytokine secretion, detoxification of free radicals)                                Wu et al., [@B200]
  *R. appendiculatus*                       Japanin                           Reprogrammes DC responses                                                                                                                Preston et al., [@B144]
  *Dermacentor reticulatus*                 SHBP                              Histamin and serotonin binding protein                                                                                                   Sangamnatdej et al., [@B164]
  *R. appendiculatus*                       RaHBP(M), RaHBP(F)                Histamin binding proteins                                                                                                                Paesen et al., [@B139]
  *R. appendiculatus*                       TdPI                              Tryptase inhibitor                                                                                                                       Paesen et al., [@B140]
  *A. americanum*                           MIF                               Inhibitor of macrophage migration                                                                                                        Jaworski et al., [@B74]
  *R. sanguineus*                           Ado, PGE~2~                       Modulate host inflammatory responses                                                                                                     Oliveira et al., [@B138]
  **CHEMOKINE BINDING**                                                                                                                                                                                                
  *Rhipicephalus sanguineus*                Evasin-1                          Chemokines CCL3, CCL4, CCL18                                                                                                             Frauenschuh et al., [@B44]; Déruaz et al., [@B30]
  Evasin-3                                  Chemokines CXCL8 and CXCL1                                                                                                                                                 
  Evasin 4                                  Chemokines CCL5 and CCL11                                                                                                                                                  
  **WOUND HEALING, ANGIOGENESIS**                                                                                                                                                                                      
  *I. scapularis*                           Metalloprotease                   Inhibits angiogenesis                                                                                                                    Francischetti et al., [@B41]
  *I. ricinus*                              Metalloproteases                  Involvement in tissue remodeling or disruption through digestion of structural components                                                Decrem et al., [@B28]
  *H. longicornis*                          Haemangin                         Ihibitits angiogenesis                                                                                                                   Islam et al., [@B71]
                                            HLTnI; troponin I-like molecule   Ihibitits angiogenesis                                                                                                                   Fukumoto et al., [@B45]

*Abbreviatons: tHRF, tick histamine release factor; IRS, I. ricinus serpin; TAP, tick anticoagulant peptide; TIX-5, tick inhibitor of factor Xa toward factor V; Ir-CPI, coagulation contact phase inhibitor from I. ricinus; BmAP, B. microplus anticoagulant protein; SHBP, serotonin- and histamine-binding protein; TdPI, tick-derived peptidase inhibitor; MIF, macrophage migration inhibitory factor; OmCI, O. moubata complement inhibitor; Isac, I. scapularis salivary anticomplement; Irac, I. ricinus anticomplement; Salp, salivary protein; ISL 929 and ISL 1373, I. scapularis salivary proteins 929 and 1373; Iris, I. ricinus immunosuppressor; BIP, B-cell inhibitory protein; P36, 36-kDa immunosuppressant protein; BIF, B-cell inhibitory factor; Ado, adenosine; PGE~2~, prostaglandin E~2~*.

Vasodilators
------------

Following probing and injury of blood vessels by tick mouthparts, arachidonic acid is released by activated platelets and is converted into thromboxane A~2~, a platelet-aggregating, platelet-degranulating, and vasoconstricting substance. Activated platelets release serotonin which, together with thromboxane A~2~, is responsible for early vasoconstriction in local inflammation caused by tissue injury. To antagonize vasoconstrictors produced by the host at the site of tissue injury, vasodilators are secreted by ticks to the feeding pool. To date, only non-proteinaceous vasodilatory compounds have been identified in tick saliva. These include lipid derivatives such as prostacyclin and prostaglandins (Ribeiro et al., [@B159], [@B154]; Bowman et al., [@B11]). However, a tick histamine release factor (tHRF), secreted in *Ixodes scapularis* saliva (Dai et al., [@B24]) and a novel *Ixodes ricinus* serine proteinase inhibitor (serpin) named IRS-2, which inhibits cathepsin G and chymase (Chmelar et al., [@B20]), probably also act as modulators of vascular permeability (Chmelar et al., [@B19]).

Inhibitors of platelet aggregation
----------------------------------

Platelet aggregation represents the initial and most immediate stage of haemostasis. Following vascular injury, platelets adhere to the subendothelial tissue and become activated by agonists such as collagen, thrombin, adenosine diphosphate (ADP), and thromboxane A~2~. Agonists bind to specific receptors on the surface of platelets and initiate a long and highly complex chain of intracellular chemical reactions that lead to platelet aggregation and the formation of a heamostatic plug. The platelet aggregation cascade is targeted by ticks at several stages (Francischetti, [@B37]). A strategy used by a number of ticks is targeting ADP, an agonist important for completion of platelet aggregation, via salivary apyrase. Apyrase, an adenosine triphosphate (ATP)-diphosphohydrolase enzyme, hydrolyses the phosphodiester bonds of ATP and ADP. Apyrase activity has been demonstrated in the salivary glands and saliva of both soft ticks (Ribeiro et al., [@B157]; Mans et al., [@B112],[@B113], [@B114]) and hard ticks (e.g., *I. scapularis;* Ribeiro et al., [@B160]). Apyrase from *Rhipicephalus (Boophilus) microplus* belongs to the 5′-nucleotidase family (Liyou et al., [@B106]). On the other hand, apyrase activity has not been detected in the saliva of, e.g., *Amblyomma americanum* (Ribeiro et al., [@B154]), but increased prostaglandin levels in the saliva of this tick inhibit platelet aggregation by preventing ADP secretion during platelet activation (Ribeiro et al., [@B154]; Bowman et al., [@B13]).

Some of the tick-derived platelet aggregation inhibitors interfere with the interaction of collagen with platelet receptors. Activation of platelets by collagen is prevented, e.g., by Moubatin, a specific inhibitor of collagen stimulated platelet activation from *Ornithodoros moubata*, while tick adhesion inhibitor (TAI) identified in the same tick species inhibits the adhesion of platelets to matrix collagen (Waxman and Connolly, [@B193]; Karczewski et al., [@B80]). Moubatin belongs to the family of lipocalins and probably prevents platelet aggregation caused by ADP released from collagen-activated platelets (Valenzuela, [@B185]). Longicornin, another inhibitor of collagen-mediated platelet aggregation, was isolated from the hard tick *Haemapysalis longicornis* (Cheng et al., [@B18]). However, Longicornin does not bind directly to collagen fibers and does not affect platelet adhesion to collagen, indicating that the inhibitor, similarly to Moubatin, shares a common receptor with collagen.

Thrombin is a key enzyme in thrombosis and haemostasis. In addition to its main role in the formation of the fibrin clot, it induces platelet aggregation. Three functional sites have been recognized in thrombin---the active site, the anion-binding exosite I that mediates binding of thrombin to fibrinogen, the platelet receptor and thrombomodulin, and the anion-binding exosite II, which is the heparin-binding site. Salivary antithrombins detected in both soft ticks and hard ticks that are involved in the inhibition of the coagulation cascade, also inhibit thrombin-induced platelet aggregation (Hoffmann et al., [@B64]; Nienaber et al., [@B133]; Kazimírová et al., [@B84]). The serpin IRS-2 from *I. ricinus* inhibits both cathepsin G- and thrombin-induced platelet aggregation (Chmelar et al., [@B20]).

Post-activation inhibitors of platelet aggregation target the platelet fibrinogen receptor. Activated platelets express surface adhesion receptor proteins, known as integrins that enable cell-cell and cell-matrix interactions. As the platelets are activated by platelet agonists (thrombin, collagen, and ADP), the ligands \[fibronectin, vitronectin, von Willebrand factor, which have the common Arg---Gly---Asp (RGD) sequence, and fibrinogen\] bind to glycoprotein (GP)IIb-IIIa via their RGD motif. Interaction between the fibrinogen and the GPIIb-IIIa complex is the important final step in platelet aggregation. Non-RGD disintegrins block the binding of fibrinogen to the integrin αIIbβ3, which is a fibrinogen receptor on surface of activated platelets. The αIIbβ3 antagonists can displace fibrinogen from its receptor thereby allowing disaggregation. Tick-derived disintegrin-like peptides such as Savignygrin (Mans et al., [@B115]) and Variabilin (Wang et al., [@B192]) contain the integrin recognition motif RGD used for binding to GPIIb-IIIa and can inhibit platelet aggregation by preventing the binding of other ligands to the platelet receptor. In contrast, Disaggregin, a fibrinogen receptor antagonist from the soft tick *O. moubata*, is a GPIIb-IIIa antagonist, which lacks the RGD motif and inhibits platelet aggregation by preventing binding to ligands by distinct mechanisms from disintegrin-like peptides (Karczewski et al., [@B79]). Ixodegrins from *Ixodes pacificus* and *I. scapularis* display sequence similarity to Variabilin, with two additional cystein**e**s in the RGD position (Francischetti et al., [@B41]), but their disintegrin activity has yet to be confirmed (Francischetti, [@B37]).

Disaggregation of platelet aggregates is considered an important back-up mechanism that ticks can use if first-line defence mechanisms fail to inhibit platelet aggregation (Mans and Neitz, [@B117]). Aggregated platelets may be disaggregated by the removal of fibrinogen from the fibrinogen receptor by competitive binding of an antagonist to the fibrinogen receptor. Proteolysis of fibrinogen can also lead to platelet disaggregation. Apyrase from the soft tick *O. moubata* displays a disaggregation effect on aggregated platelets (Mans et al., [@B111]), whereas the GPIIb-IIIa antagonist Savignygrin from *O. savignyi* can displace fibrinogen from its receptor and lead to disaggregation (Mans et al., [@B116]).

Inhibitors of the blood-coagulation cascade
-------------------------------------------

Blood coagulation involves a series of enzymatic reactions where an inactive proenzyme (coagulation factor) is converted to an active form, which then activates the next proenzyme in the cascade. Thrombin is involved in the final common pathway of the coagulation cascade and converts fibrinogen into fibrin clots, but also regulates the activity of blood coagulation factors and stimulates platelet reactions. Ticks have evolved powerful tools to prevent or prolong blood coagulation throughout their extended blood meal. A number of inhibitors of serine proteinases that are involved in the coagulation cascade have been identified and characterized from ticks. The majority of inhibitors identified so far are proteins that display a variety of molecular masses, targets and inhibitory mechanisms (Koh and Kini, [@B88]; Kazimírová et al., [@B85]). Based on the mechanism of action, anticoagulants from ticks can be classified as: thrombin inhibitors; inhibitors of activated factor X (FXa); inhibitors of the extrinsic tenase complex (ETC); contact system protein inhibitors (Koh and Kini, [@B88]), with thrombin and FXa being the most common targets.

### Inhibitors of thrombin

Thrombin inhibitors derived from tick saliva belong to at least seven structural classes and target the enzyme at different sites and via different mechanisms (Koh and Kini, [@B88]). They comprise mainly the Kunitz-type proteinase inhibitors, Ornithodorin (Van de Locht et al., [@B190]), Savignin (Nienaber et al., [@B133]), Boophilin (Macedo-Ribeiro et al., [@B107]), and Rhipilin (Gao et al., [@B46]), antithrombins of the hirudin-like/Madanin/Variegin superfamily---Madanin I and II (Iwanaga et al., [@B72]) and Variegin (Koh et al., [@B87]), as well as various other peptides not ranked in any of the previous groups, e.g., Microphilin (Ciprandi et al., [@B22]), *Boophilus microplus* anticoagulant protein (BmAP) (Horn et al., [@B66]), or Calcaratin (Motoyashiki et al., [@B125]).

### Inhibitors of factor Xa

The tick anticoagulant peptide (TAP) from saliva of the soft tick *O. moubata* has been the most intensively studied tick anticoagulant. TAP has some homology with Kunitz type inhibitors, but is a highly specific, reversible competitive inhibitor of FXa (Waxman et al., [@B194]). The soft tick *O. savignyi* also contains an FXa inhibitor with 46% identity to TAP (Joubert et al., [@B78]). The recombinant protein Amblyomin-X derived from an *Amblyomma cajennense* transcript encoding a protein containing an N-terminal Kunitz-type domain and a C-terminus with no homology to any known sequences was also found to inhibit FXa (Batista et al., [@B4]). Salp14, a protein belonging to the salivary protein (Salp) family was identified in saliva of *I. scapularis* and specifically inhibits the FXa active site (Narasimhan et al., [@B130], [@B131]). An unnamed anticoagulant from *Rhipicephalus appendiculatus* saliva probably targets components of the prothrombinase complex, however, its mechanism of action has not been elucidated (Limo et al., [@B105]).

### Inhibitors of the extrinsic tenase complex (ETC)

Ixolaris, a two domain Kunitz-type inhibitor of ETC and penthalaris, containing five Kunitz domains, both with homology to the tissue factor (TF) pathway inhibitor, were detected in *I. scapularis* (Francischetti et al., [@B43], [@B39]). Recombinant ixolaris and penthalaris bind to FXa or FX and inhibit the TF/FVIIa complex. Inhibition of factor V and factor VII has been described for salivary gland extracts (SGE) of *Dermacentor andersoni* (Gordon and Allen, [@B52]), but the compound(s) have not been further characterized.

By screening a yeast surface display library prepared from salivary gands of nymphal *I. scapularis*, a salivary antigen named P23 was identified. Recombinant P23 (rP23) was found to delay the TF initiated thrombin generation (Schuijt et al., [@B174a]). Further analysis of rP23 (renamed TIX-5, tick inhibitor of factor Xa toward factor V) showed that the protein prolonged activation of the coagulation system by specifically inhibiting the factor Xa-mediated activation of factor V (Schuijt et al., [@B172]). This study revealed a unique molecular mechanism by which ticks inhibit the coagulation system of heir hosts and, in addition, the results brought new understanding on early activation of blood coagulation. Moreover, immunization with TIX-5 impaired tick feeding, indicating that inhibition of TIX-5 prevents the host anticoagulation mechanism needed for optimal tick feeding.

### Contact system protein inhibitors

The tick-derived inhibitors of the contact phase described so far belong to the Kunitz-type proteinase inhibitor family. BmTI-A (*B. microplus* trypsin inhibitor-A), inhibits kallikrein and elastase and is present in *B. microplus* larvae (Tanaka et al., [@B180]). A plasma kallikrein-kinin system inhibitor named Haemaphysalin was identified in *H. longicornis* (Kato et al., [@B81]). A contact phase inhibitor (Ir-CPI) present in *I. ricinus* salivary glands inhibits the intrinsic coagulation pathway and, to a much lesser extent, fibrinolysis *in vitro* (Decrem et al., [@B29]).

### Additional anti-haemostatic activities

Except for antiplatelet factors and anticoagulants, other biological activities which may be related to host haemostasis have been described in the saliva of ticks. Fibrinolytic activity due to the presence of a metalloprotease was detected in saliva of *I. scapularis*. The role of salivary metalloproteinases in tick feeding appears to be related to their antifibrinogen- and antifibrin-specific activities (Francischetti et al., [@B38]). Kunitz-type serine proteinase inhibitors (RsTI---*Rhipicephalus sanguineus* trypsin inhibitors) were isolated from larvae of *Rhipicephalus sanguineus* (Sant Anna Azzolini et al., [@B165]). They target plasmin and neutrophil elastase and their role in haemostasis is predicted to be similar to that of serine proteinase inhibitors such as those found, e.g., in *R. (B.) microplus* (see Tanaka et al., [@B180]). Longistatin, a plasminogen activator identified recently in *H. longicornis* was found to hydrolyse fibrinogen and delay fibrin clot formation (Anisuzzaman et al., [@B3]).

Several serine protease inhibitors with similarity to proteins of the serpin family were discovered in ticks (Mulenga et al., [@B126], [@B127]). Tick serpins might also interact with host defence responses, including haemostasis. Iris, an immunomodulatory serpin identified in the salivary glands of *I. ricinus* was the first ectoparasite serpin that was reported to both interfere with host haemostasis and the immune response and increase platelet adhesion, the contact phase-activated pathway of coagulation and fibrinolysis (Prevot et al., [@B145]).

Calcium-binding proteins with sequence homology to the calreticulin family are also present in tick saliva. Tick calreticulins may play a modulating role in host haemostasis through binding calcium ions which are required as coagulation enzyme cofactors (Jaworski et al., [@B75]). Phospholipase A2, detected in *A. americanum* (Bowman et al., [@B10]), is probably responsible for the haemolytic activity of tick saliva.

Tick salivary compounds and host immune responses
=================================================

Host cellular innate immune responses and the complement system are the first lines of defence against invading pathogens. Complement comprises a group of serum proteins that can be activated by different pathways. Activation of the complement system leads to the generation of molecules with various biological activities in inflammation and opsonization and lysis of invading pathogens. Adaptive immune response is triggered when activated antigen-presenting cells migrate to lymphoid tissues where they present antigens to T cells, which play a central role in cellular immune responses at the site of infection or assist in the activation of B cells and the generation of an antigen-specific humoral response (Janeway et al., [@B73]).

Ticks have evolved varius strategies to modulate both innate and acquired immunity of their hosts in order to protect themselves from host immune responses to tick infestation and avoid impaired feeding and/or rejection (Gillespie et al., [@B51]; Leboulle et al., [@B102]; Valenzuela, [@B185]; Brossard and Wikel, [@B14]) (Table [1](#T1){ref-type="table"}). The complex tick-host molecular interactions are considered as a competition between host defences against the ectoparasite and tick evasion strategies. Some hosts develop resistance to repeated tick infestation, while others develop no protective immunity, whereby host resistance or susceptibility depend on the tick-host association and can most likely be explained by tick-induced modulation of the host cytokine network (Andrade et al., [@B1]; Hajnická et al., [@B56]).

The *in vitro* effects of saliva and SGE derived from different tick species on functions of host immune effector cells, like granulocytes, macrophages, natural killer (NK) cells, T and B cells, have been extensively documented (e.g., Ramachandra and Wikel, [@B147]; Kubeš et al., [@B95]; Ferreira and Silva, [@B33]; Schoeler et al., [@B168]; Gwakisa et al., [@B54]; Mejri et al., [@B122]; Hannier et al., [@B58]). SGE as well as repeated tick infestations are known to suppress the production of pro-inflammatory cytokines and the secretion of Th1 cytokines, whereas they up-regulate Th2 cytokines, indicating a Th2 polarization of the host immune response by ticks (e.g., Ferreira and Silva, [@B34]; Mejri et al., [@B121]). Tick-mediated suppression of the Th1 lymphocyte reactivity may inhibit the expansion of antigen-specific T cell clones, differentiation of B cells, activation of macrophages and the NK cell activity. The tick-induced Th2 cytokine profile seems to be advantageous for the survival of the tick because of the anti-inflammatory effect of Th2 cytokines. In addition, the anti-inflammatory mechanisms may also enhance the transmission of tick-borne pathogens (Schoeler and Wikel, [@B171]; Wikel and Alarcon-Chaidez, [@B197]).

Despite a relatively broad knowledge of tick-induced host immunomodulation (Brossard and Wikel, [@B14]), only a limited number of immunomodulatory molecules have been identified and characterized in tick salivary glands (see Table [1](#T1){ref-type="table"}). However, deeper understanding of the molecular basis of the strategies used by ticks to evade host resistance and immune mechanisms will probably open new possibilities to design vaccines for tick control and control of the transmission of tick-borne pathogens (Wikel and Alarcon-Chaidez, [@B197]; Brossard and Wikel, [@B14]).

Innate immune responses and complement
--------------------------------------

Innate immune responses represent the first line of immune defence of the hosts to local injury and involve complement, acute phase proteins, neutrophils, macrophages, mast cells, basophils, eosinophils, dendritic cells (DCs) and NK cells. Complement components, prostaglandins, leukotrienes, chemokines, and cytokines contribute to the recruitment of inflammatory cells to the site of injury (e.g., Andrade et al., [@B1]). Normally, the consequences of prolonged feeding of an ectoparasite would be local inflammation and rejection. However, ticks produce compounds that inhibit or modulate the pro-inflammatory functions of most cell types infiltrating the attachment site, e.g., neutrophils (Ribeiro et al., [@B161]; Guo et al., [@B53]), NK cells (Kubeš et al., [@B95]), macrophages (Kopecký and Kuthejlová, [@B89]; Kramer et al., [@B93]), T cells (e.g., Ramachandra and Wikel, [@B147]; Bergman et al., [@B6]) and DCs (Cavassani et al., [@B16]; Skallová et al., [@B175]).

The skin is the main organ of the tick-host interface, playing a crucial role in the response of the host to tick infestation as well as in pathogen transmission by the vector. Local modulation of cutaneous immune responses at the tick bite site occurs soon after tick attachment and is characterized by modulation of responses in resident cells that merge into a neutrophil-driven immune response a few hours post-attachment (Heinze et al., [@B61]). Ir-LBP, a lipocalin present in *I. ricinus* was shown to inhibit neutrophil chemotaxis *in vitro* and host inflammatory response *in vivo* by decreasing the numbers and activation of neutrophils located at the tick bite site, impairing neutrophil function in inflammation (Beaufays et al., [@B5]). It was also demonstrated that due to an antialarmin effect on human primary keratinocytes, saliva of *I. ricinus* inhibits cutaneous innate immunity and migration of immune cells to the tick bite site, threreby creating favorable conditions for tick-borne pathogens that are transmitted to and multiply in the host skin (Marchal et al., [@B118], [@B119]).

Recruitment of specific leukocyte populations during the inflammatory response is triggered by chemokines that are key mediators of the inflammatory response against parasites. Ticks have evolved various strategies to manipulate the host cytokine network. The chemokine CXCL8 \[interleukin(IL)-8\] is a chemo-attractant for neutrophils. Anti-IL-8 activity impairing neutrophil functions was reported from the saliva of various hard ticks (Hajnická et al., [@B55]). Moreover, tick saliva contains a variety of inhibitory activities directed against other pro-inflammatory cytokines such as IL-2 and the chemokines CCL2 (MCP-1), CCL3 (MIP-1α), CCL5 (RANTES), and CCL11 (eotaxin) (Hajnická et al., [@B56]). These activities are tick species-, developmental stage-, sex- and feeding stage-specific (Vančová et al., [@B189]), but the anti-cytokine factors have not been identified. In contrast, Evasins, a family of novel chemokine binding proteins have been detected in salivary glands of *R. sanguineus* ticks (Frauenschuh et al., [@B44]). Evasins show selectivity to different chemokines: Evasin-1 binds to CCL3, CCL4, and CCL18; Evasin-3 binds to CXCL8 and CXCL1; and Evasin-4 binds to CCL5 and CCL11 (Frauenschuh et al., [@B44]; Déruaz et al., [@B30]). Evasin-3-like activities were also demonstrated for other metastriate tick species, providing further evidence that ticks control host neutrophil functions during feeding (Vančová et al., [@B188]). *Hyalomma asiaticum asiaticum* ticks evade host immune reactions by modulating cytokine secretion and detoxification of free radicals (Wu et al., [@B200]). Two families of immunoregulatory peptides, Hyalomin-A and -B, identified in salivary glands of this species, suppress host inflammatory responses either by inhibiting secretion of tumor necrosis factor (TNF)-alpha, monocyte chemotactic protein-1 (MCP-1), and interferon (IFN)-gamma or by increasing the secretion of the immunosuppressant cytokine IL-10.

Modulation of wound healing and angiogenesis seems to be another strategy used by ticks to suppress host inflammatory responses and succeed in prolonged blood feeding (Francischetti et al., [@B42]; Hajnická et al., [@B57]). Tick salivary compounds have been shown to bind the transforming growth factor (TGF)-β1, the platelet-derived growth factor (PDGF), the fibroblast growth factor (FGF)-2 and the hepatocyte growth factor (HGF) in a species-specific manner (Hajnická et al., [@B57]). *Dermacentor variabilis* saliva suppresses basal and PDGF-stimulated fibroblast migration and reduces extracellular signal-regulated kinase (ERK) activity stimulated with PDGF, suggesting that ticks ensure prolonged maintenance of the feeding lesion in the host skin also by the suppression of ERK activation and fibroblast migration, i.e., important events in wound healing (Kramer et al., [@B92]).

In addition to growth-factor binding capacities, distinct tick salivary molecules with similarities to disintegrin metalloproteases and thrombospondin are involved in cell-matrix interactions and/or the inhibition of angiogenesis (Valenzuela et al., [@B187]; Francischetti et al., [@B40]; Fukumoto et al., [@B45]; Harnnoi et al., [@B60]). The proteins ISL 929 and ISL 1373 with homology to the cysteine-rich domain of disintegrin metalloproteinases which were derived from the sialome of *I. scapularis*, reduce the expression of β2 integrins and impair the adherence of polymorphonuclear leukocytes (PMNs) (Guo et al., [@B53]). Inhibition of microvascular endothelial cell proliferation by the saliva of *I. scapularis* (Francischetti et al., [@B40]) suggests that a metalloprotease is responsible for this activity. In addition to its anticoagulation properties, the Kunitz-like serine proteinase inhibitor Ixolaris from *I. scapularis* downregulates the vascular endothelial growth factor and reduces vessel density in tumours (Carneiro-Lobo et al., [@B15]). A troponin I-like molecule (HLTnI) present in varius organs, including salivary glands of *H. longicornis*, also inhibits capillary formation of human vascular endothelial cells (Fukumoto et al., [@B45]) and Haemangin, a Kunitz-type protein from the salivary glands of the same species, displays similar effects on angiogenesis and wound healing (Islam et al., [@B71]). These results indicate that tick anti-angiogenic factors, in addition to their inhibitory effects on angiogenesis, may also play an important role in controlling tick attachment and pathogen transmission.

Bradykinin and histamine are important mediators of itching and pain and could stimulate host grooming and removal of the feeding ticks. However, ticks developed efficient countermeasures to these host reactions. Tick salivary kininases have been shown to hydrolyse circulating kinins (e.g., bradykinin). For example, a dipeptidyl carboxypeptidase activity was found to account for the kininase activity of *I. scapularis* saliva (Ribeiro and Mather, [@B158]). In addition, amine-binding proteins of the lipocalin family that suppress host responses to local inflammation are produced by hard ticks. A male-specific histamine-binding salivary protein \[RaHBP(M)\] and two female-specific histamine-binding salivary proteins \[RaHBP(F)-1,2\] were isolated from the saliva of *R. appendiculatus* (Ra) (Paesen et al., [@B139]) and the gene for a protein that binds both serotonin and histamine (SHBP) was identified in *Dermacentor reticulatus* (Sangamnatdej et al., [@B164]). Recently, a tick derived protease inhibitor (TdPI) has been described and characterized from *R. appendiculatus* (Paesen et al., [@B140]). TdPI suppresses the activity of human β-tryptases, i.e., mast cell-specific serine proteases with roles in inflammation and tissue remodeling.

Another category of compounds produced by ticks to evade host immune responses are proteins that mimic host proteins. Tick macrophage migration inhibitory factor (MIF) is a peptide detected in salivary glands of the hard tick *Amblyomma americanum* (Jaworski et al., [@B74]). This peptide inhibits the migration of macrophages and probably protects the feeding ticks from macrophage attack.

Non-proteinaceous substances, like purine nucleoside adenosine (Ado) and prostaglandin PGE~2~ present in saliva of *R. sanguineus*, are also involved in the modulation of host inflammatory and immune responses. These compounds inhibit the production of pro-inflammatory IL-12p40 and TNF-alpha and stimulate the production of anti-inflammatory IL-10 by murine DCs (Oliveira et al., [@B138]).

The complement system links the innate and adaptive responses of the host immune system and is activated via three main pathways (alternative, classical, and lectin pathway), whereby the alternative pathway is the major line of defence against invading pathogens and is also involved in resistance to ticks. SGE of ixodid ticks were found to inhibit complement activity of vertebrates, whereby the anti-complement activities correlated to the reported host range of the tested tick species (Lawrie et al., [@B101]). Subsequently, several molecules with anti-complement activities were identified in tick salivary glands. Isac, Salp 20 and Isac-1 from *I. scapularis* (Valenzuela et al., [@B186]; Tyson et al., [@B183]) and the Isac paralogues IRAC I and II from *I. ricinus* (Daix et al., [@B26]; Couvreur et al., [@B23]) specifically inhibit formation of the C3 convertase of the alternative pathway by blocking binding of complement factor B to complement C3b. On the other hand, OmCI (*Ornithodoros moubata* complement inhibitor) belonging to proteins of the lipocalin family has been the first natural complement inhibitor isolated from a soft tick that specifically targets the C5 activation step in the complement cascade (Nunn et al., [@B134]).

Acquired immune responses
-------------------------

During the first exposure to ticks, immunoglobulin and T cell-mediated immune responses are induced in the hosts. Salivary immunogens are processed by Langerhans cells located in the epidermis and presented to immunocompetent lymphocytes (Schoeler and Wikel, [@B171]; Andrade et al., [@B1]). Antigen presenting cells can also transport immunogens to draining lymph nodes and promote antibody- and cell-mediated responses. Delayed type hypersensitivity response characteristic of influx of lymphocytes and macrophages, basophils and eosinophils is often observed at the tick feeding site. Homocytotropic antibodies are produced and memory B and T lymphocytes are generated.

Immune resistance to ticks is important in protection from infestation with these ectoparasites and consequently also contributes to the reduction in pathogen transmission from infected ticks to the hosts (Wikel et al., [@B198]), although specific antigenic and functional components of tick saliva have not been well characterized. In resistant hosts (e.g., rabbits, guinea pigs), the presence of reactive antibodies and effector T lymphocytes assures a rapid response to infestation and can impair tick feeding, whereas ticks have evolved to overcome host immune responses in natural tick-host associations (Ribeiro, [@B156]). *I. scapularis* salivary antigens that elicit antibodies in resistant hosts have been determined based on screening of salivary gland cDNA expression library with tick-immune mice sera. Using this procedure, the presence of Salp25D, a protein which neutralizes the effect of reactive oxygen species produced by activated neutrophils, has been detected (Das et al., [@B27]; Narasimhan et al., [@B129]). In contrast to resistant hosts, mice generally do not develop acquired resistance to repeated tick feeding (e.g., Schoeler et al., [@B170]); however, during secondary tick infestation, their cytokine response displays a mixed Th1/Th2 profile and enhanced activity of regulatory T cells (Heinze et al., [@B62]).

A variety of tick species have been found to suppress the *in vitro* proliferation of lymphocytes induced with T and/or B cell mitogens. Tick-induced immunosuppression of the host is also characterized by decreased primary antibody responses to T cell-dependent antigens. Moreover, ticks have evolved ways to alter the production of T lymphocyte cytokines. Generally, it has been reported that tick saliva polarizes the host immune response toward a Th2 type profile characterized by the down-regulation of pro-inflammatory Th1 cytokines (IL-2, IFN-gamma) and enhanced production of Th2 cytokines (IL-4, IL-5, IL-6, IL-10, IL-13) (see Gillespie et al., [@B51]; Schoeler and Wikel, [@B171]; Wikel and Alarcon-Chaidez, [@B197]; Brossard and Wikel, [@B14], and references therein). It has been suggested that inhibition of T cell responsiveness to mitogens could result from the direct effect of salivary gland proteins on lymphocytes or from their production of IL-10, while up-regulation of IL-4 and IL-10 probably leads to the development of a Th2 response (Ramachandra and Wikel, [@B147]; Wikel, [@B196]; Schoeler and Wikel, [@B171]; Wikel and Alarcon-Chaidez, [@B197]).

Several T cell inhibitors have been identified in ticks. A 36 kDa protein (P36) suppressing T cell proliferation is present in the saliva of feeding *D. andersoni* (Bergman et al., [@B6]). Iris was detected in the salivary glands of *I. ricinus* females (Leboulle et al., [@B102]). The production of Iris is induced in the tick salivary glands during the feeding process and the protein is secreted into the tick saliva. It suppresses T cell proliferation, induces a Th2 type immune response and inhibits the production of pro-inflammatory cytokines IL-6 and TNF-alpha. Salp15, a 15 kDa salivary gland protein from *I. scapularis* is another feeding-induced protein that inhibits the activation of T cells. Salp15 specifically binds to the CD4 molecules on the surface of CD4+ T (helper) cells, which results in inhibition of T cell receptor-mediated signaling, leading to reduced IL-2 production and impaired T cell proliferation (Anguita et al., [@B2]; Garg et al., [@B47]). In addition, Salp15 impairs DCs functions by inhibiting Toll-like receptor- and *Borrelia burgdorferi*-induced production of pro-inflammatory cytokines by DCs and DC-induced T cell activation (Hovius et al., [@B67]). Evidence was also provided that the pathogen *B. burgdorferi* in *I. scapularis* exploits Salp15 during transmission to a vertebrate host, as it specifically interacts with *B. burgdorferi* outer surface protein C (OspC) and the binding of Salp15 protects *B. burgdorferi* from antibody-mediated killing *in vitro* (Ramamoorthi et al., [@B148]). Salp 15-like sequences encoding proteins of the Salp family have also been identified in salivary glands of *Ixodes pacificus, I. ricinus*, and *I. persulcatus*, which are other major vectors of disease agents in the USA and Eurasia (Hovius et al., [@B70]; Hojgaard et al., [@B65a]; Mori et al., [@B124]). The results suggest that the Salp15 homologues can be involved in host immunomodulation and transmission of *Borrelia* species in the above regions.

Other immunomodulatory proteins facilitating tick feeding and pathogen transmission were also detected in the saliva of *I. scapularis*: a secreted IL-2 binding protein that suppresses T cell proliferation and the activity of immune effector cells responsive to IL-2 stimulation (Gillespie et al., [@B50]), and the salivary cysteine protease inhibitors sialostatin L and sialostatin L2, with inhibitory activity against cathepsin L (Kotsyfakis et al., [@B91]). Sialostatin L displays anti-inflammatory properties and inhibits proliferation of cytotoxic T lymphocytes and LPS-induced maturation of DCs, whereas sialostatin L2 does not modulate functions of antigen presenting cells, but is probably important for successful tick feeding (Kotsyfakis et al., [@B91]; Sá-Nunes et al., [@B163]). In addition, sialostatin L2 stimulates the growth of *B. burgdorferi* in murine skin, however, the mechanism of this growth stimulation has not been revealed (Kotsyfakis et al., [@B90]).

Ticks can also benefit from the suppression of B cell responses of vertebrate hosts by inhibiting the production of specific anti-tick antibody responses that could cause rejection of feeding ticks by the host. B cell inhibitory proteins (BIP and BIF) have been identified in *I. ricinus* and *H. asiaticum asiaticum*, respectively (Hannier et al., [@B59]; Yu et al., [@B204]). Along with feeding ticks, tick-borne pathogens like *B. burgdorferi* might also benefit from BIP-mediated B cell suppression in their vertebrate hosts (Hannier et al., [@B59]).

In addition to substances modulating the host immune responses, ticks produce immunoglobulin (IgG)-binding proteins that bind ingested host IgGs and excrete them by salivation. This mechanism protects the ticks primarily from ingested host immunoglobulin\'s and facilitates their feeding (Wang and Nuttall, [@B191]).

A novel mechanism of tick-induced modulation of host adaptive immunity which may facilitate pathogen transmission has been discovered recently (Preston et al., [@B144]). Japanin, a salivary gland protein from *R. appendiculatus* belonging to a new clade of lipocalins from metastriate ticks, was found to target DCs. Japanin specifically reprogramms responses of DCs to a wide variety of stimuli *in vitro*, altering their expression of co-stimulatory and co-inhibitory transmembrane molecules and secretion of pro-inflammatory, anti-inflammatory and T cell polarizing cytokines and it also inhibits the differentiation of DCs from monocytes.

Tick saliva and its involvement in pathogen transmission
========================================================

Tick-borne microorganisms are known to exploit tick salivary molecules to increase their pathogenicity and transmission to the vertebrate host, mainly by circumventing host defence responses (Nuttall and Labuda, [@B136]; Hovius et al., [@B68]). In addition, by modulating skin immune reactions, tick saliva enhances non-systemic pathogen transmission between infected and uninfected co-feeding ticks (Labuda et al., [@B98]).

Exploitation of the highly modified skin site by molecules secreted in tick saliva by tick-borne pathogens has been referred to as SAT, previously saliva-activated transmission, i.e., promotion of transmission of pathogens by vector saliva (Nuttall and Labuda, [@B135], [@B136]).

Saliva-assisted transmission
----------------------------

The phenomenon of SAT was first described for the Thogoto virus (THOV)---*R. appendiculatus* association. Increased THOV transmission to uninfected *R. appendiculatus* nymphs was observed when the nymphs fed on animals inoculated with a mixture of the virus and SGE of tick females compared to nymphs feeding on animals inoculated with virus only (Jones et al., [@B77]). Enhanced infection of ticks feeding on animals experimentally inoculated with pathogens and tick saliva (or SGE), i.e., direct evidence of SAT (Nuttall and Labuda, [@B136]), has subsequently been reported for a few other pathogens, e.g., tick-borne encephalitis virus (TBEV) (Labuda et al., [@B99]), *B. burgdorferi* s.l. (Pechová et al., [@B142]; Zeidner et al., [@B203]; Macháčková et al., [@B108]; Horká et al., [@B65]) and *Francisella tularensis* (Kročová et al., [@B94]) (see Table [2](#T2){ref-type="table"}).

###### 

**Examples of saliva-assisted transmission of tick-borne pathogens**.

  **Pathogen**                  **Tick species**      **SAT factor, effect**                                                                                                                                                                         **References**
  ----------------------------- --------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------
  THOV                          *R. appendiculatus*   SGE, enhanced transmission and infectivity                                                                                                                                                     Jones et al., [@B77]
  TBEV                          *I. ricinus*          SGE, enhanced transmission and infectivity                                                                                                                                                     Labuda et al., [@B99]
  *Borrelia afzelii*            *I. ricinus*          SGE, accelerating effect on spirochaete proliferation in the host, suppression of proinflammatory cytokines                                                                                    Pechová et al., [@B142]
  *Borrelia burgdorferi* s.s.   *I. ricinus*          SGE, accelerating effect on spirochaete proliferation in the host                                                                                                                              Macháčková et al., [@B108]
  *B. burgdorferi* s.s.         *I. ricinus*          Saliva, increased spirochaete load in host skin, increased transmission to ticks                                                                                                               Horká et al., [@B65]
  *Borrelia lusitaniae*         *I. ricinus*          SG lysate, increase of spirochaete loads in target organs                                                                                                                                      Zeidner et al., [@B203]
  *B. burgdorferi* s.s.         *I. scapularis*       SG lysate, increase of spirochaete loads in target organs                                                                                                                                      Zeidner et al., [@B203]
  *Francisella tularensis*      *I. ricinus*          SGE, accelerates proliferation of the bacteria in the host                                                                                                                                     Kročová et al., [@B94]
  THOV                          *R. appendiculatus*   Non-viraemic transmission                                                                                                                                                                      Jones et al., [@B76]
  TBEV                          *I. ricinus*          Non-viraemic transmission                                                                                                                                                                      Labuda et al., [@B100]
  *B. afzelii*                  *I. ricinus*          Co-feeding transmission                                                                                                                                                                        Richter et al., [@B162]
  *B. burgdorferi* s.s.         *I. ricinus*          Co-feeding transmission                                                                                                                                                                        Gern and Rais, [@B48]
  *B. burgdorferi* s.s.         *I. scapularis*       Co-feeding transmission                                                                                                                                                                        Piesman and Happ, [@B143]
  TBEV                          *I. ricinus*          Saliva, *in vitro* modulation of infection rate of DCs and production of cytokines                                                                                                             Fialová et al., [@B35]
  *B. afzelii*                  *I. ricinus*          SGE, anti-inflammatory activities                                                                                                                                                              Severinová et al., [@B174]
  *B. afzelii*                  *I. ricinus*          SGE, impairment of signal pathways in DCs                                                                                                                                                      Lieskovská and Kopecký, [@B103],[@B104]
                                                      SGE, impairment of DCs functions                                                                                                                                                               Slámová et al., [@B176]
  *B. burgdorferi*              *I. ricinus*          Tick feeding, modulation of skin innate immunity                                                                                                                                               Kern et al., [@B86]
                                *I. ricinus*          BIP, inhibition of B lymphocyte proliferation induced by the *B. burgdorferi* lipoproteins OspA and OspC                                                                                       Hannier et al., [@B58]
  *B. burgdorferi*              *I. ricinus*          Salp15 Iric-1, a Salp15 homologue, binds to OspC of *B. burgdorferi* s.s., *B. garinii*, and *B. afzelii*                                                                                      Hovius et al., [@B69]
  *B. burgdorferi*              *I. scapularis*       Salp15, immunosuppressive functions, binds to OspC of *B. burgdorferi*, protects the spirochaete from antibody-mediated killing, facilitates transmission and replication of the spirochaete   Ramamoorthi et al., [@B148]
                                                      Salp25D, antioxidant, facilitates the acquisition of spirochaetes by the vector from an infected mammalian host                                                                                Narasimhan et al., [@B129]
                                                      Salp20, inhibits complement, facilitates pathogen survival                                                                                                                                     Tyson et al., [@B183]
                                                      P8, lectin complement pathway inhibitor, facilitates pathogen transmission                                                                                                                     Schuijt et al., [@B173]
  *A. phagocytophilum*          *I. scapularis*       Salp16, facilitates migration of the pathogen to salivary glands                                                                                                                               Sukumaran et al., [@B179]

In studies involving *Borrelia* spirochaetes, injection of borreliae together with *I. ricinus* or *I. scapularis* SGE increased the level of bacteraemia in the murine host, enhanced the transmission of spirochaetes to feeding ticks and suppressed the production of pro-inflammatory cytokines in draining lymph nodes of mice (Pechová et al., [@B142]; Zeidner et al., [@B203]). Moreover, SGE of *I. ricinus* inhibited killing of *B. garinii* by murine macrophages and reduced the production of two major defence molecules of phagocytosis---superoxide and nitric oxide (Kuthejlová et al., [@B97]). Saliva of *I. scapularis* reduced PMN adhesion via downregulation of beta2-integrins and decreased the efficiency of PMN in the uptake and killing of spirochaetes, thus facilitating the transmission and initial survival of spirochaetes (Montgomery et al., [@B123]). The SAT compounds responsible for the described effects have not been identified, but they probably depend on vector competence of individual tick species for the pathogen and can vary with different pathogens (Nuttall and Labuda, [@B136]).

Non-viraemic transmission
-------------------------

Studies on non-viraemic transmission (NVT) of pathogens from infected to non-infected ticks co-feeding on the same host provide indirect evidence of SAT (Nuttall and Labuda, [@B136]). By mimicking the natural conditions when infected and non-infected ticks feed in aggregates on a vertebrate host, Jones et al., [@B76] demonstrated that transmission of THOV from infected to non-uninfected *R. appendiculatus* ticks co-feeding on non-viraemic guinea pigs was more efficient than transmission on higly viraemic hamsters, and suggested a novel mode of arthropod-borne virus transmission. NVT, independent of a systemic infection of a host, has subsequently been shown for other tick-pathogen associations, mainly TBEV and other arthropod-borne viruses (see Nuttall and Labuda, [@B136]). Because NVT of TBEV occurs on both susceptible and non-susceptible hosts and can also occur in the presence of virus-specific neutralizing antibodies, it is considered one of the main mechanisms of the maintenance of TBEV in natural foci (Labuda et al., [@B99]; Randolph et al., [@B152]; Randolph, [@B150]).

Immunomodulation of the tick attachment site by tick salivary compounds is suggested to play a crucial role in the process of NVT as the local skin site of tick attachment is an important focus of viral replication early after transmission (Labuda et al., [@B98]). It was clearly shown that transmission of TBEV from infected to non-infected *I. ricinus* ticks feeding together on mice was correlated with infection in the skin. The virus was recruited in migratory Langerhans cells and neutrophils preferentially to the site in which ticks were feeding compared with uninfested skin sites and migratory monocyte/macrophages produced infectious virus.

Although the maintenance of the *B. burgdorferi* s.l. spirochaetes depends largely on systemic transmission, transmission of the bacteria between co-feeding ticks has also been demonstrated (Gern and Rais, [@B48]; Ogden et al., [@B137]). In laboratory models, duration of infectivity, density and distance between co-feeding ticks have been established as important factors affecting efficiency of transmission of the spirochaetes (Piesman and Happ, [@B143]; Richter et al., [@B162]). However, such models seldom mimic the situation in nature. On the other hand, field studies revealed that although sheep do not support systemic infections of *B*. *burgdorferi*, in the absence of alternative hosts, they can transmit localized infections from infected to uninfected ticks co-feeding at the same skin site (Ogden et al., [@B137]). Due to the presence of various *Borrelia* genospecies and their associations to certain groups of reservoir hosts, the extent and importance of non-systemic transmission in the ecology of Lyme borreliosis needs to be further explored (Randolph et al., [@B151]; Ogden et al., [@B137]; Randolph, [@B150]).

Host immunomodulation
---------------------

Immunomodulatory capacities of tick saliva are considered key factors in pathogen transmission. It has been demonstrated that the local skin site infested with ticks and modulated by tick saliva is an important focus of virus replication early after TBEV transmission by ticks. Cellular infiltration and cell migration at the tick attachment site may also facilitate pathogen transmission between infected and uninfected co-feeding ticks (Labuda et al., [@B98]). These findings were supported by a study where the effects of TBEV infection on DCs and their modulation by *I. ricinus* saliva were demonstrated *in vitro*, showing that treatment of the cells with tick saliva increased the proportion of virus-infected cells and decreased the virus-induced production of TNF-alpha and IL-6 and reduced virus-induced apoptosis (Fialová et al., [@B35]).

There is increasing evidence that the host immune reactions to *B. burgdorferi* and consequently the outcome of *Borrelia* infection in the host and its infectivity for ticks depend on the presence of the vector. It was demonstrated that mice infected with *B. burgdorferi* via *I. ricinus* were more infective for subsequently attached ticks than those experimentally inoculated with the spirochaete (Gern et al., [@B49]). BALB/c mice developed a Th2 immune response against *B. burgdorferi* after tick inoculation and a mixed Th1/Th2 response after syringe inoculation. Moreover, in comparison with syringe inoculation of *B. burgdorferi*, IL-4 produced in host draining lymph nodes following tick bites greatly inhibited the production of anti-borrelial IgG2a antibodies (Christe et al., [@B21]). These findings were further supported by experiments in which a B cell inhibitory protein (BIP) from *I. ricinus* salivary glands suppressed B lymphocyte proliferation induced by the *B. burgdorferi* OspC, suggesting that BIP may play an important role in enhancing *B. burgdorferi* transmission by the tick (Hannier et al., [@B58]).

Immunomodulation by tick saliva resulting in down-regulation of cytokines, chemokines and antimicrobial peptides in vertebrate hosts was shown to facilitate transmission and infection by *Borrelia*. The significance of the anti-inflammatory properties of *I. ricinus* SGE was demonstrated experimentally in transmission of *B. garinii* to mice when the bacteria were used to stimulate inflammation (Severinová et al., [@B174]). In these experiments, tick saliva injected together with spirochaetes reduced the numbers of leukocytes and T lymphocytes in the infected murine epidermis at early time-points post infection and decreased the total cell count in draining lymph nodes. Maturation of DCs (Skallová et al., [@B175]) as well as interactions of *B. garinii* and murine DCs were also impaired by *I. ricinus* saliva through the inhibition of proliferation and IL-2 production by specific CD4+ T cells and decreased production of Th1 and Th2 cytokines by DCs (Slámová et al., [@B176]). In addition, *I. ricinus* saliva modulated IFN-gamma signaling pathways in DCs (Lieskovská and Kopecký, [@B103]) and pathways activated by Toll-like receptor (TLR-2) ligand in *Borrelia*-stimulated DCs (Lieskovská and Kopecký, [@B104]).

The involvement of tick salivary compounds in the modulation of skin innate immunity mediated by antimicrobial peptides of the cathelicidin and defensin families in the course of *Borrelia* infection was also demonstrated. When spirochaetes were inoculated to mice, *Borrelia* triggered skin inflammation with induction of the cathelin-related antimicrobial peptide, the mouse cathelicidin and TNF-alpha. However, after natural transmission of the spirochaetes via feeding *I. ricinus*, the inflammatory genes were supressed, suggesting that saliva of the vector tick facilitate *Borrelia* establishment in the host skin (Kern et al., [@B86]).

Generally, repeated infestation of mice with pathogen-free *Ixodes* ticks results in a polarization of the host immune response toward the Th2 anti-inflammatory cytokine pattern, with a corresponding down-regulation of Th1 responses (Schoeler et al., [@B170], [@B169]; Mejri et al., [@B121]). Consequently, down-regulation of pro-inflammatory factors promotes the initial establishment and dissemination of spirochetal infection, but reconstitution of cytokines down-regulated by tick infestation provides protection against tick-transmitted *B. burgdorferi* (Zeidner et al., [@B201], [@B202]). This was demonstrated *in vivo* when mice or Guinea pigs repeatedly infested with pathogen-free *I. scapularis* nymphs were protected against infection with *B. burgdorferi* transmitted via infected ticks, suggesting that immunity against the tick interferes with transmission of the spirochatete (Wikel et al., [@B198]; Nazario et al., [@B132]). Moreover, immunization of Guinea pigs with *I. scapularis* salivary gland proteins produced within the first day of tick attachment impaired *B. burgdorferi* transmission from ticks to hosts, probably by evoking acquired immunity against tick feeding (Narasimhan et al., [@B128]).

Exploitation of tick molecules by pathogens
-------------------------------------------

*Borrelia burgdorferi* s.l. displays distinct phenotypic plasticity (Radolf et al., [@B146]) and exploits a number of tick proteins (Table [2](#T2){ref-type="table"}) that support colonization and persistence of the pathogen in the vector and its transmission to the vertebrate host (Kung et al., [@B96]). Within an infected tick, spirochaetes express OspA and bind to the midgut wall of the tick by using a tick expressed protein (TROSPA) (Pal et al., [@B141]). After attachment of the tick to a host and onset of feeding, the spirochaetes start to express OspC and move from the midgut through the haemolymph to the salivary glands. In the tick salivary glands, spirochaetes bind to the secreted salivary protein, Salp15, which protects the spirochaetes from antibody-mediated killing and facilitates their transmission and replication in the host skin (Ramamoorthi et al., [@B148]). The spirochaetes are transmitted to the host with tick saliva containing various salivary molecules which modulate T cells (Salp15), complement (ISAC, Salp20), macrophages, neutrophils, and B cell activities (BIP) and other components of the host immune system (see above) and help *Borrelia* to infect and disseminate in the mammalian host.

Salp15 is the first tick SAT molecule and was identified in salivary glands of *I. scapularis*. Except for immunosuppressive functions, Salp15 is an immunoprotective antigen, because antiserum against the protein protects mice from *Borrelia* infection (Dai et al., [@B25]).

Salp15 Iric-1, a Salp15 homologue, was identified in *I. ricinus*, the vector of European *Borrelia* species. The protein was found to differentially protect *B. burgdorferi* s.s., *B. garinii*, and *B. afzelii* from antibody-mediated killing in the host (Hovius et al., [@B69]).

Salp25D is another immunodominant salivary protein present in *I. scapularis*, which is important during tick acquisition of *B. burgdorferi* and acts as an antioxidant that facilitates pathogen survival (Das et al., [@B27]; Narasimhan et al., [@B129]).

Salp20 protects *B. burgdorferi* from *in vitro* lysis and probably from components of the complement pathway during transmission from an infected tick to the host (Tyson et al., [@B183]).

A tHRF is up-regulated in *I. scapularis* salivary glands during the rapid feeding phase and probably facilitates tick engorgement and *B. burgdorferi* infection by modulation of vascular permeability and increasing blood flow to the tick bite-site (Dai et al., [@B24]). Immunization of mice with the recombinant protein interfered with tick feeding and decreased the spirochaete burden.

The Tick Salivary Lectin Pathway Inhibitor (TSLP, formerly P8) from salivary glands of *I. scapularis* was found to interfere with the lectin complement pathway and impair neutrophil phagocytosis and chemotaxis, and protects *Borrelia* from killing by those (Schuijt et al., [@B173]).

Tick proteins were identified to be involved also in colonization of the vector and transmission of the intracellular bacterium *Anaplasma phagocytophilum* to vertebrate hosts. Generally, strategies of survival of these bacteria in the vector and transmission to vertebrate hosts are less explored than for *Borrelia. A. phagocytophilum* was found to induce expression of the *I. scapularis* salp16 gene in tick salivary glands during feeding. It was shown that RNA interference-mediated silencing of the salp16 gene expression diminished migration of the bacteria ingested via host blood meal to tick salivary glands, which demonstrates the specific requirement of the pathogen for a tick salivary protein to persist within the vector (Sukumaran et al., [@B179]). During the transmission of *A*. *phagocytophilum* to the vertebrate host, *I. scapularis* saliva probably modulates host inflammatory responses by inhibition of the production of inflammatory cytokines by macrophages during stimulation of Toll-like (TLR) and Nod-like receptor (NLR) signaling pathways (Chen et al., [@B17]).

Conclusions {#s2}
===========

Ticks have adapted to blood-feeding by counteracting host defence reactions such as haemostasis and immune responses. Ticks modulate host responses at the site of their attachment to the hosts by a wide range of salivary molecules (anti-haemostatics, anti-inflammatory compounds and immunomodulators) and, as a result, they create an environment which is favorable for both the feeding ticks as well as transmission of the microorganisms that ticks may carry. In spite of increasing knowledge on tick salivary compounds primarily involved in modulation of host defences and secondarily in acquisition, survival and transmission of tick-borne microorganisms, large gaps still exist in the identification of the bioactive molecules and characterization of their single or multiple biological functions. In general, there is a large redundancy in tick salivary molecules and, on the other hand, many such molecules can display multiple functions, responding to redundancy in vertebrate defence reactions.

Tick-borne pathogens co-evolved with their vectors and hosts and survive, multiply and circulate due to their adaptation to these different biological systems. Tick salivary molecules, due to their properties, serve as excellent immunomodulators of host immune reactions and as such create a favorable environment to the pathogens that are injected to the host's skin together with tick saliva during tick feeding. A wide range of events connected with pathogen transmission to vertebrate hosts facilitated by factors in tick saliva have been described and possible mechanisms of host immunomodulation by tick salivary molecules have been designed. However, the number of identified and characterized tick molecules exploited by pathogens is still limited. Advanced molecular techniques such as DNA microarrays, gene silencing RNA interference, next generation sequencing, *in vitro* studies using tick and host cell cultures, etc. are widely applied in studying tick-host-pathogen interactions. They provide information on the expression of vector and pathogen genes during pathogen acquisition and explain mechanisms of host reactions to the feeding tick and invading microorganisms. Consequently, a deeper understanding of events occurring on the tick-host-pathogen interface may lead to the development of new strategies in the control of tick-borne diseases.
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